Introduction
Buoyancy is responsible for the formation of many important geophysical and astrophysical flows. In a rotating system, a sustained source of positive or negative buoyancy may give rise to an extended horizontal current against a lateral boundary, a gravity current. In such a current, the Coriolis force associated with the horizontal flow in the current is balanced by an offshore pressure gradient supported by the wall. The resulting flow is then bounded by a solid boundary on the right, (looking along the direction of flow in the Northern hemisphere) and by a front on the left. If the wall is sloping rather than purely vertical, the component of the Coriolis force parallel to the wall in the vertical plane can balance the similar component of the gravitational force acting on the current. Where the source is persistent, such currents can reach states of quasi-equilibrium. See Griffiths 1 for a review of boundary gravity currents.
It has been noted that the instability of many varieties of sheared flows cannot be determined locally 2 . As an illustrative example, recall that for a two-dimensional incompressible shear flow, U = U(y), one must use boundary conditions appropriate to the corresponding eigenvalue problem in order to obtain a necessary condition for instability.
That condition is simply the vanishing of the vorticity gradient (U yy = 0) somewhere in the flow -the celebrated Rayleigh criterion. Local approximation leads to a different condition and the erroneous prediction of likely instability 3 .
Investigation of more complicated (compressible) 2-D shear flows has confirmed the nonlocality of wave-interaction, or resonant, instabilities 4 and more specific studies of boundary current configurations which account for the coupling of the current to its environment have also found that mode resonances can alter the intrinsic stability characteristics of flows 5,6,7 .
The Meddy problem
How can the presence of warm, salty Mediterranean water be explained when it is found in 
Laboratory experiments
To investigate question 1, we developed a series of laboratory experiments to study buoyancy-driven currents in rotating stratified environments. Although we have targeted a specific oceanographic flow to model, it is tantalizing to consider that a reduced problem such as the one we propose here may also be relevant to other problems. In binary star systems, to consider one possible example, infall material from one star can feed an accretion disk around the other; the subsequent equilibration of the new material may well lead to buoyancy driven currents of a similar nature. But this study is primarily a model for the Mediterranean outflow, where we have the benefit of comparison with direct observations.
The two principal goals of the experiment were:
(a) to determine the structure (velocity shear and thickness) of the currents initially formed from a negatively buoyant inflow (b) to examine the stability properties of these current A diagram of he experimental apparatus is shown in figure 1 . The interface of the stable ambient two-layer stratification intersects the surface of a conical section at mid-depth.
A thymol blue solution of intermediate density is held outside the tank and also fills a reservoir at the tank's outer edge. The densities of the overflow water (ρ 2 ) and the bottom layer (ρ 3 ) were achieved by dissolving sugar in distilled water. In all experiments, the densities were prepared with the values: ρ 1 = 1.0g/cc, In high Reynolds number flows without ambient stratification, experiments have shown that instabilities of Kelvin-Helmholtz type typically grow rapidly at the nose, while further upstream -where the steady current is well established -baroclinic instabilities produce eddies. We focus on the established current rather than its nose and the details of the intrusion process. For this reason, we initiate the current with a small density enhancement to minimize the initial Kelvin-Helmholtz mixing, while using a tank of sufficient horizontal dimension to traverse the relevant Froude number range.
Steady three layer currents
What is the three-layer, steady, streamwise uniform solution? An arbitrary three layer arrangement of fluid is described by the familiar shallow layer system:
and
holds for each layer i = 1, 2, 3.
We will let Ox be the streamwise direction, parallel to the boundary, and Oy, the cross-stream direction. For a boundary current of intermediate density (i = 2) flowing against a vertical wall, a steady, streamwise uniform current with velocityū(y) and thickness h(y) must satisfy potential vorticity and momentum conservation.:
where the reduced gravity here is g * = g
.
For uniform non-zero initial potential vorticity, Q 2 (t = 0) = Q * , we find currents of width
where a deformation length is now associated with the initial conditions:
To extend the solutions above to the laboratory configuration, in which the boundary along which the current flows has some slope, we must simply match the solution above to a two layer solution of a current flowing along a slope (this sub-problem is the subject of several previous studies, see the review 1 for references).
Results
Steady solutions are shown in figure 2 alongside measured profiles. Experiments performed with vertical boundaries have found the strong tendency of currents to be unstable, even when the currents were initiated from a uniform potential vorticity source. This instability set in uniformly along the current once it became sufficiently wide, forming a chain of eddies. The eddies were roughly the same width as the current and moved irregularly following separation. Analogous experiments along sloping boundaries have found the currents to be stable over much longer times and for wider currents. The stabilization of such currents by the presence of a slope should be emphasized -it suggests that the instabilities found for highly idealized and often symmetrical posed problems may not be realized in more general settings. The first step in proving or disproving this hypothesis is understanding the steady current configurations and a subsequent stability analysis. What we have reported here are first measurements of steady current profiles for these stable cases.
Related experiments, in which a surface current is allowed to eventually encounter a sloping boundary, have also found that a slope can have a stablizing effect -following the encounter, the current was found to be slower, wider, and more laminar than it would be along a vertical wall 9 .
A final point concerns the formation of Meddies: in the process of initiating experimental currents, the intermediate density fluid formed two distinct equilibria. The first as it flowed through less dense water, down the slope and to the right; after reaching the layer interface with the densest water, it spread to the right and along the sloping boundary.
Both stages were rather laminar and steady, but at the transition, a single large cyclone was typically shed. The Mediterranean undergoes a similar transition where it negotiates a sharp turn at Cape St. Vincent and presumably other significant topographic variations, such as channels, are also encountered. The role of such localized perturbations may help explain why, when experimental currents suggest stability, their oceanic counterparts are able to form eddies.
The excitation of inertial waves in the ambient homogeneous fluid is also found.
Finally, we would like to use these preliminary results to initiate a more thorough investigation of the linear instability in the full three layer problem as well as the basis for a companion set of numerical experiments to duplicate those done in the laboratory.
